This paper reviews the decline to probable extinction of the corn bunting (Miliaria calandra) in the Republic of Ireland. This species has undergone severe population decline in other western European countries, where studies have suggested that changes in the agricultural environment are probably largely responsible. The most important factors are thought to be the decline in mixed farming and the loss of temporary grasslands, hay meadows and undersown cereals, especially spring cereals and overwinter cereal stubbles. These crops provided the preferred breeding and overwintering habitats of the corn bunting, and the use of pesticides may have reduced the availability of invertebrate and seed food supplies. Some of these agricultural changes have also occurred in Ireland and may be responsible for the corn bunting's decline here. Many other farmland birds have also shown severe range and population declines in western Europe, and similar agricultural changes are thought to be responsible. Some evidence suggests that many seed-eating farmland birds have undergone range declines in the Republic of Ireland. There is an urgent need for a comprehensive assessment of the population status of farmland birds in Ireland and for studies of their ecology, in order to draw up and implement effective conservation management plans. Without such action, other familiar birds could soon disappear from the Irish landscape.
INTRODUCTION
The diversity of flora and fauna on agricultural land may be more at risk than that in any other habitat in Europe (Pain and Pienkowski 1997) . Over the last forty years, the abundance and distribution of a wide range of farmland plants and invertebrates have declined, especially on arable land (Campbell et al. 1997; Wilson et al. 1999) . Similar declines are clearly seen in the farmland bird fauna (Fuller et al. 1995) . Seed-eating farmland birds, mainly finches and buntings, appear to have been particularly hard hit, with severe declines in range and/or abundance in Britain and Europe over the last thirty years (Gibbons et al. 1993; Evans 1997; Hagemeijer and Blair 1997; Crick et al. 1998) .
The corn bunting (Miliaria calandra), inhabits a variety of dry, open habitats (Donald and Aebischer 1997 ) and feeds on a wide range of seeds (from both wild grasses and broadleaved herbaceous plants, usually referred to as 'weeds'), cereal grains and invertebrates (Donald and Aebischer 1997; Brickle and Harper 1999) . In southern Europe the corn bunting is a bird of dry grasslands and cereal steppes, whereas in northern, central and western Europe it is largely restricted to arable farmland, especially that devoted to cereals (Donald and Aebischer 1997; Stoate et al. 2000) . Since the 1970s, the number of corn buntings has declined, and their range has contracted in a south-easterly direction in both western and central Europe (Donald and Aebischer 1997; Hagemeijer and Blair 1997) . Declines have been reported in 22 of the 34 European countries for which data are available (Hagemeijer and Blair 1997) . Only in southern Europe, for example Spain and Portugal (Stoate et al. 2000) , and eastern Europe, for example Russia, Romania and Bulgaria (Hagemeijer and Blair 1997) , do populations appear to be stable. Examples of some of the recent declines in corn buntings in Europe, some of as much as 90% of the local or national population, are listed in Table 1 .
In Britain the decline began in the early 1970s and continues to the present day (Donald 1997) . Data from the British Trust for Ornithology Common Bird Census showed a decline of 74% in the population index of breeding corn buntings between 1972 and 1996 (Crick et al. 1998 ). There was a also a contraction in range of 32% between the first (1968 -72; Sharrock 1976 ) and second (1988 -91; Gibbons et al. 1993) breeding atlases. The greatest range contractions took place in the colder north and wetter west of Britain, where population densities were already low in 1968 -72 ).
In the Republic of Ireland in 1900, the corn bunting was believed to be common in coastal counties, locally abundant in most inland counties, rare in counties Longford, Westmeath and Offaly, and absent only from Leitrim (Ussher and Warren 1900) . By 1954, the corn bunting was absent from most counties, scarce in Donegal, Kerry, Cork and Wexford, locally abundant in Mayo, Galway and Waterford (Kennedy et al. 1954) and no longer regarded as a common bird anywhere. During the first breeding atlas period, 1968-72 (Sharrock 1976) , the corn bunting was recorded mainly in coastal districts in Donegal, Mayo, Galway, Kerry, Cork, Waterford and Wexford (Fig. 1) , although in none of these districts could it be described as even locally common. The winter atlas of 1981-4 (Lack 1986 ) recorded observations of corn buntings in coastal districts of Donegal, Mayo and Wexford, and, on the east coast, in Dublin and Westmeath (Fig. 1) . These latter two records, geographically isolated from any known recent breeding sites, may have been wintering birds from the United Kingdom or continental Europe. By the time of the second breeding atlas period, 1988-91 (Gibbons et al. 1993 ), Ireland's corn bunting records were confined to a handful of registrations in coastal districts in Donegal, Mayo, Galway and Cork, and a single isolated record in Kildare (Fig. 1) . This contributed to a breeding range decline of 84% for the whole of Ireland (Table 1 , data from Gibbons et al. 1993) . By the late 1990s, no corn buntings were known to be breeding in Ireland, and only occasional birds were observed during the non-breeding season in south-eastern counties (most probably wintering birds from the United Kingdom or continental Europe).
Here we highlight the decline to probable extinction of the corn bunting in Ireland and draw attention to possible declines in other seed-eating farmland birds in the Republic of Ireland. This paper is a summary of a detailed report prepared by the authors for the Heritage Council (Taylor and O'Halloran 1999) and is divided into four sections. The first section reports on a breeding season survey of in potential corn bunting habitat in north-west Ireland. This survey suggests that the corn bunting may well be extinct in Ireland, but in the absence of detailed ecological studies in Ireland, we cannot assess the environmental causes of this decline. Instead, in the second section, we provide a brief overview of the ecology and habitat associations of the corn bunting; in the third section, we review data on the possible causes of its decline in other EU countries; and in the final section, we assess whether similar factors could have operated in the Republic of Ireland.
BREEDING SEASON SURVEY OF POTENTIAL CORN BUNTING HABITAT IN NORTH-WEST IRELAND
In the spring and summer of 1998, we undertook a survey of habitats suitable for breeding corn buntings in counties Donegal, Mayo and Galway. We surveyed a total of 65 sites: each site consisted of a 1km grid square containing at least some potential corn bunting habitat. These 1km sites were selected from those 10km grid squares (i.e. 10km× 10km) that registered corn buntings during the two breeding atlas periods. If a 1km square with no potential corn bunting habitat was selected, this square was discarded and another Of the 65 sites, 31 were surveyed twice, once in each time period, and 34 were visited once (details of site locations in Taylor and O'Halloran 1999) . No corn buntings were seen or heard at any of these sites. Spot checks of single suitable fields at other locations within the general study area also failed to register any corn buntings.
Bad weather severely affected this survey. A combination of heavy rain and high winds limited the number of days on which fieldwork could be undertaken. Thus, we could not visit all sites twice. In addition, we surveyed some sites on days of intermittent heavy rain and high wind speeds, conditions not conducive to the detection of singing male corn buntings. If we visited a site under such conditions, we made every effort to undertake a second visit during calm, dry weather, but this was not always possible. These poor conditions increased the risk that corn buntings were present on a site but not detected.
Although this study cannot confirm that the corn bunting is now extinct in north-west Ireland, owing both to inadequacies in the survey and the presence of potential habitats that were not surveyed, it can certainly be concluded that the corn bunting has disappeared from many of its previous haunts and is probably extinct or close to becoming so. Indeed, with the exception of the occasional bird observed during the non-breeding season in south-eastern counties, it appears that the corn bunting may well be extinct in the whole of the Republic of Ireland.
REVIEW OF CORN BUNTING ECOLOGY IN OTHER EUROPEAN UNION COUNTRIES: HABITAT ASSOCIATIONS
Studies of the breeding habitat selection of corn buntings have reached different conclusions, often depending on the degree of intensification of farming practices or on the spatial and/or temporal scale of the studies (review in Taylor and O'Halloran 1999; Chamberlain and Fuller 2000; Stoate et al. 2000) . In general, corn buntings positively select as breeding habitats, or achieve their highest densities of breeding territories in, land under cereals or other tillage crops, temporary grasslands and hay meadows. Together with uncropped weedy features (hedge bases, field boundaries, farm tracks), these are the principal summer foraging habitats, although land with a high density of hedges may be avoided (Donald and Aebischer 1997; Mason and MacDonald 2000) . Permanent grasslands are generally selected against as breeding habitats or support low densities of breeding territories. Some evidence suggests that spring barley is preferred over other crops (Aebischer and Ward 1997) . Since its introduction selection made. These potential habitats included land under cereals, other tillage crops or temporary and permanent (improved, semi-improved or unimproved) grass (grazed, cut for silage or cut for hay), fallow land (often overgrown with weeds) and rough unimproved ground with sparse scrub near the sea.
Surveys for birds were undertaken during either of two time periods: from one hour after dawn until six hours after dawn; and from six hours before dusk to one hour before dusk. We walked through each site and covered every field (walking along field boundaries for tillage crops, tall silage or hay grass close to mowing dates), with the objective of surveying for birds to within at least 50m of all areas of the site. The field season was split into two periods, 6-29 June and 4 July -14 August.
in the EU in 1988, set-aside land, which shares many properties with ley grass, has become an important breeding habitat (Fischer and Schöps 1997; Watson and Rae 1997) .
During the winter, corn buntings form flocks that can range over wide areas, but their habitat associations appear to be more consistent than during the breeding season. In all studies, cereal stubbles were the most preferred winter foraging habitat, especially those rich in arable weeds (Donald and Evans 1994; Shrubb 1997; Watson and Rae 1997; review in Taylor and O'Halloran 1999; Mason and MacDonald 2000) . Naturalregeneration rotational set-aside land provides a weed-rich habitat and is heavily selected by foraging corn buntings in winter (Donald and Aebischer 1997) . Additional winter habitats included unimproved grassland, bare till (especially when recently ploughed), field boundaries and other uncropped features, stock-feeding sites and other man-made sources of spilt grain or grass seeds, whereas winter cereals and permanent grassland tend to be avoided (review in Taylor and O'Halloran 1999) .
POSSIBLE ENVIRONMENTAL FACTORS IN THE DECLINE OF THE CORN BUNTING IN BRITAIN AND CONTINENTAL EUROPE BIOLOGICAL INTERACTIONS
There is no evidence to suggest that changes in rates of predation, disease or parasitism have affected corn bunting population sizes through changes in survival or breeding productivity, although none of these factors has been the subject of detailed studies (see Taylor and O'Halloran 1999) . Crick (1997) reported low nest predation of corn bunting nests based on data from the BTO Nest Record Scheme in England. It must be borne in mind, however, that nests lost to predation, especially in the early stages (egg laying and incubation), are probably under-recorded by the Nest Record Scheme. There is no evidence to suggest that changes in rates of disease or parasitism have affected corn bunting population sizes through changes in survival or breeding productivity, although this factor has not been studied (see Taylor and O'Halloran 1999) .
CLIMATE CHANGE
Climate change has been suggested by a number of authors as a factor in corn bunting declines. However, there are no quantitative data relating changes in climate variables to changes in corn bunting population levels. There is a very general pattern of greater range and population declines in the cooler north and wetter west of Europe (see Taylor and O'Halloran 1999) , although it is not known whether this pattern is due to climatic factors, agricultural changes or both.
CHANGES IN THE AGRICULTURAL ENVIRONMENT
Changes in agricultural management practices are the most frequently cited possible cause of the decline in corn buntings and other farmland seed-eating birds (Fuller et al. 1995; Baillie et al. 1997; Donald and Aebischer 1997; Evans 1997) . It should be borne in mind when interpreting data on population declines and changes in agricultural practices that simple correlations, though strongly suggestive when showing repeatability across studies from different geographical areas and/or time periods, are insufficient to establish firm causal links between population declines and agricultural changes (Evans 1997) . This is the case here, given the paucity of available data on the ecology of the corn bunting. The same caution should be applied to studies of habitat selection; habitat-specific differences in breeding or wintering densities; and habitat-specific differences in breeding parameters such as clutch size or fledgling production. Over the last forty years, farmland across much of the European Union has undergone huge changes in management practices under the Common Agricultural Policy (Robson 1997) . These developments may be considered a consequence of agricultural intensification (increasing inputs, e.g. fertilisers or pesticides, to increase outputs, i.e. yields), polarisation (the tendency for certain regions to specialise in one type of farming, e.g. regions dominated by pastoral farming or those dominated by arable agriculture) and specialisation (the tendency of individual farms to concentrate on one enterprise, e.g. dairy farming or arable agriculture, and the decline in mixed farm enterprises) (Potter 1997) . The changes in agriculture that may have contributed to population declines of corn buntings in Britain and the European Union are listed in Table 2a , together with their probable effects on corn bunting ecology and population dynamics. Additional changes in agriculture in Ireland that may have contributed to corn bunting declines are listed in Table 2b .
The loss of overwinter stubbles, resulting in a lack of suitable food supplies in winter and decreased overwinter survival rates, is generally thought to be the major cause of the declines in western European corn bunting populations (Donald 1997) . This winter foraging habitat is reported to be positively selected both more strongly within studies and more consistently across studies than any other habitat during either the breeding or non-breeding season (Taylor and O'Halloran 1999) . In addition, the availability of rotational set-aside (essentially a weed-rich stubble) is associated with an increase in corn bunting numbers in at least one study (Fischer and Schöps 1997) . The use of efficient combine harvesters and the loss of threshing and stack yards may also be very important. Spilt cereal and grass grains may be an important source of food to corn buntings, particularly during poor foraging conditions, for example during snow cover (Taylor and O'Halloran 1999) .
Declines in breeding productivity may also be contributing to population declines. Declines have occurred in the species richness and abundances of arable weeds and invertebrates in arable crops and field margins because of the use of fertilisers and pesticides (Campbell et al. 1997; Taylor and O'Halloran 1999; Wilson et al. 1999) . Habitat selection in the breeding season shows greater variation between studies than winter habitat selection (see earlier). Corn buntings appear to adapt to local cropping patterns, perhaps foraging extensively in crops that contain relatively high densities of invertebrates and seeds (e.g. spring cereals, set-aside, ley grass), while relying more heavily on marginal habitats in areas of intensive crop production (e.g. winter wheat and silage grass) (Taylor and O'Halloran 1999; Mason and Aebischer and Ward (1997) proposed that breeding population declines, rather than being related to any specific changes, were related to the decline of mixed farming and the small-scale mosaic of cereals (including undersown cereals), other tillage crops, ley grass and non-cropped boundary features that could fall within or close to individual territories or feeding areas. This diversity of habitats may have ensured that there was sufficient food (insects and grain) and sufficient vegetation of a suitable height and density for foraging and nesting throughout the breeding season, enabling two to three nesting attempts per female per season (Shrubb 1997 ). Aebischer and Ward (1997) found that the small areas of farmland in southern England that retained these management practices held high densities of breeding corn buntings.
POSSIBLE ENVIRONMENTAL FACTORS IN THE DECLINE OF THE CORN BUNTING IN THE REPUBLIC OF IRELAND
Data on annual total rainfall, annual mean daily temperature and annual mean daily sunshine hours were extracted from the Butler et al. (1998) found a steady increase in mean annual rainfall from 2.08mm per day in 1838 to 2.39mm per day in the 1960s at the Armagh Observatory in Northern Ireland. Rainfall then declined, and by the 1990s it was back to its initial level. Whether this 1838-1960 increase in rainfall was experienced across the whole of Ireland is not known, so its possible role in the decline of the corn bunting cannot be assessed. Air temperature at the Armagh Observatory showed little overall trend over the same time period, but a slight cyclical pattern was described by Butler et al. (1998) . Further data on rainfall and temperature are given in Daultrey (1994) and Taylor and O'Halloran (1999) . There are no simple trends, and it is not known whether the magnitude of variations recorded would have been sufficient to affect corn bunting populations. Climatic changes may have played an indirect role, through an interaction with socioeconomic factors causing changes in the agricultural environment, but no suitable data exist to assess such processes.
CHANGES IN THE AGRICULTURAL ENVIRONMENT
Available data for changes in agriculture in the Republic of Ireland are summarised in Table 3 . At the national level, very large long-term (1851-1997) declines have occurred in the area of land under all tillage crops (− 73%), all cereal crops (− 68%), oats (− 97%), wheat (− 40%) and root crops (− 86%). This pattern is also evident in recent (from 1968-72 to 1993-7) declines in the area of land under all tillage crops (− 34%), all cereal crops (− 24%), oats (− 70%), wheat (− 5%) and root crops (−50%). Only the area of land under barley has increased in the long term (+ 271%). Barley has been the major cereal crop 
Agricultural factor Possible effect on habitat and/or food Possible consequences for population supply
Decline in size of breeding population Decline in area of breeding habitat for Decline in area of land under all tillage foraging and nesting crops Increase in adult/juvenile mortality Decline in area of spring tillage, causing a reduction in available invertebrate food in late winter/early spring Decline in size of breeding population Decline in area of breeding habitat for Decline in area of land under all root crops foraging and nesting Decline in area of land under all cereals Decline in area of breeding habitat for Decline in size of breeding population foraging and nesting in the Republic of Ireland since the 1960s, although the area of land under even this crop has declined somewhat in the recent past (− 17%) (Table 3) . Ireland has experienced a polarisation of agriculture, with cereal farming becoming largely confined to southern and eastern counties and pastoral farming dominating the north, west and midlands. From 1851 to 1900, mixed land use (land under tillage crops making up at least 20% of the total land area devoted to tillage crops, hay and pasture) covered most of the country, except counties Galway, Kerry and Clare. By 1991-7, however, only five counties-Louth, Dublin, Kildare, Carlow and Wexford-had more than 20% of this land group (i.e. tillage crops, hay and pasture) under tillage crops. Oats were grown over most of Ireland in 1851-60, albeit with the highest levels (13-28% of land area) in the north and south-east. By 1971-80, however, no county had more than 4% of its total land area under oats. Less than 4% of land remained under barley in most counties until the 1960s. By 1971-80 this percentage had increased significantly in eastern and southern counties, with barley grown on up to 20% of the land area. A slight decrease in the area under barley occurred by 1991-7, with a greater decline in the more westerly counties. Wheat growing has always been largely restricted to the south and east of Ireland and has never constituted more than 10% of the land surface even in these counties (Taylor and O'Halloran 1999) .
Ireland has also seen a decline in mixed farming and rotational cropping practices, both in the more intensively farmed east of the country, for example the cereal-growing areas of Kildare, Carlow and Wexford, and in the less intensively managed west, for example on coastal mixed farmland in Donegal, Mayo and Galway (Hickie et al. 1999) .
In Ireland, the total area of land under cereals has declined over the past 150 years (see above). The area under spring cereals declined by 50% in the recent term (Table 3) . Unlike in Britain and much of continental Europe, in Ireland the majority of cereal crops are still spring-sown, although the proportion has declined somewhat over the last twenty years: in 1980, 89% of cereals were spring sown, whereas by 1997 the figure was 61%. The distribution of spring cereals in the 1990s is similar to that of all cereals, with greatest concentrations in the east and south-east of the country. However, the area devoted to overwinter stubbles is smaller than the spring-cereal figures suggest, owing to the practice of burning and winter incorporation in many areas.
The process of significant replacement of hay by silage began in Ireland in the 1970s (Hickie et al. 1999) , but the areas of land under hay or silage were not distinguished in census data until 1981. Nationally, the area of grassland managed for hay declined by 30% between 1980-4 and 1993-7, whereas the area of grassland managed for silage increased by 41% during this period (Table 3) . In 1981 land under silage constituted 42% of the national total area of land under hay and silage. By 1997, the proportion of silage had increased to 73%. The proportion of silage increased across all counties, but was particularly dominant in the south-west of Ireland in 1997.
Habitat features such as trees, ditches, hedgerows and scrub have been lost in Ireland CSO (1997) and Taylor and O'Halloran (1999) . (Hickie et al. 1999 ). Webb (1988 , cited in Hickie et al. 1999) estimated that 16% of hedgerows were lost between 1936 and 1973, and this process has continued into the 1990s. The decline in hedges has not been evenly distributed across the country, being greater in the tillage areas of the east and south-east than in the pastoral north and west (Hickie et al. 1999) .
In Ireland, the use of phosphate (P 2 O 5 ) and potash (K 2 O) fertiliser increased from 1961 until the late 1970s, when it levelled off at about 150,000t of phosphate fertiliser and 190,000t of potash fertiliser per year (FAO 1997) . The use of nitrogenous fertiliser increased from about 50,000t per year in the 1960s to 400,000-450,000t in the 1990s, with no evidence of an asymptote (FAO 1997) . These increases, together with the use of new crop varieties and an increase in pesticide applications, have produced increases in the yield of a range of crops. In the Republic of Ireland, although the grass crop yield from hay fields showed no change from the 1850s to 1990, the yield of the more intensively managed silage fields was approximately five times greater than that of hay fields in 1980-90. Yields of cereal crops changed little during the period 1850-1959, despite the retreat of cereal growing, under way by the early 1900s, to the better soils of the east and south-east. From 1960 to 1990, however, yields of wheat and oats nearly tripled, whereas barley yields approximately doubled. Increases in the yields of root crops tended to be more modest and occurred over a much longer time period, pre-dating the increase from the 1950s onwards in artificial fertiliser and pesticide applications. This suggests that increases in yields of root crops may have been more strongly influenced by improvements in the varieties planted and by the retreat of root-crop growing to the better soils of eastern and south-eastern counties.
Few data on pesticide use in Ireland are available (Taylor and O'Halloran 1999 By 1968-72 the breeding population of corn buntings in the Republic of Ireland was essentially split into two groups: one largely restricted to the west, north-west and south-west coastal districts, and one largely restricted to the tillage-dominated south-eastern districts. The former population was probably largely restricted to areas of coastal mixed farming. The continuing switches in these areas from cattle to sheep grazing, and from hay to silage, together with the almost complete disappearance of oats (and therefore winter stubbles), potatoes and fallows, probably contributed most to the post-1960s loss of corn buntings. The changes in timing and frequency of mowing in harvested grasslands may have had a particularly harmful effect on corn bunting populations in pasture-dominated regions, such as northern and western Ireland, where opportunities to nest in tillage crops are much scarcer. The number of cuts taken from silage fields in Ireland varies from one to four, being higher in the south and east (Hickie et al. 1999) , and may have reduced the number of broods that corn buntings could raise in a season. Earlier mowing of meadows in Britain and Ireland was shown to be a major factor in the decline of the corncrake (Crex crex) (Green and Stowe 1993) . The south-eastern population group was found in an area dominated by arable and mixed farms, all more intensively managed than on the west coast. Here, the post-1960s corn bunting decline was probably influenced more by the reduction in crop diversity due to farm specialisation, the decline in the area of spring cereals and overwinter stubbles, the loss of hedgerows and other non-crop habitats, the switch from hay to silage and the increased use of fertilisers and pesticides.
POPULATION DECLINES IN OTHER SEED-EATING FARMLAND BIRDS
The corn bunting is not the only farmland bird species to have experienced population declines and/or range contractions (Fuller et al. 1995) . Seed-eating farmland birds, mainly finches and buntings, have been particularly hard hit, with large population declines in many of these species (Table 4 ). The data in Table 4 , and the possible causes of these changes, are discussed in depth in Taylor and O'Halloran (1999) ; we offer only a brief overview here. Most species in Table 4 have undergone range declines and/or population declines in at least part of Europe. Seed-eating Crick et al. (1998) . 3 Gibbons et al. (1993) . 4 Tucker and Heath (1994); Hagemeijer and Blair (1997) . 5 SPEC 3=Species of European conservation concern that have an unfavourable conservation status in Europe (Tucker and Heath 1994) . 6 Figures in parentheses are for farmland CBC plots only. 7 SPEC 4=Species of European conservation concern that have a favourable conservation status in Europe but have \50% of their global population or range in Europe (Tucker and Heath 1994) .
birds have generally shown greater range declines in Ireland than in the United Kingdom, where population declines have been very much greater than range declines (Table 4) . For example, whereas the skylark, house sparrow, linnet, redpoll, bullfinch, yellowhammer and reed bunting experienced range declines of less than 15% in Britain, they all experienced total population declines of more than 40%. This pattern indicates that these species have suffered reductions in density in the areas where they still occur, perhaps because of some reduction in habitat quality in these still-occupied areas. Range data can only begin to reflect population declines when declines are large enough to cause local extinctions. If this pattern of greater population declines than range declines also holds in Ireland, then some of Ireland's most familiar farmland birds may currently be suffering severe population declines. A comprehensive assessment of the population status and ecology of farmland birds in Ireland is urgently needed in order to draw up and implement effective conservation management plans. Without such action, other familiar farmland birds could soon disappear from the Irish landscape.
